Abstract. Single 170-as extreme ultraviolet (XUV) pulses delivering more than 10 6 photons/pulse at ∼100 eV at a repetition rate of 3 kHz are produced by ionizing neon with waveform-controlled sub-5 fs near-infrared (NIR) laser pulses and spectrally filtering the emerging near-cutoff high-harmonic continuum with a broadband, chirped multilayer molybdenum-silicon (Mo/Si) mirror. 
Introduction
Tracking and controlling electron dynamics on the atomic scale call for techniques that provide at least ten-to-hundred times improved temporal resolution as compared with the broadly proliferated femtosecond technology, for techniques that offer the potential for capturing processes evolving on an attosecond timescale (1 as = 10 −18 s). Sub-femtosecond or attosecond pulses in the extreme ultraviolet (XUV) to soft x-ray regime [1] - [4] and sub-femtosecond electron pulses [5, 6] constitute key elements for developing these techniques.
Advances in ultrafast optics, foremost intense few-cycle laser pulses comprising merely a few well-controlled oscillations of the light field [7, 8] (T pulse ∼2.5 fs), have allowed-via high harmonic generation in an atomic gas-reproducible production of isolated XUV attosecond pulses of 250 as duration at ∼100 eV [9] and 130 as duration at 35 eV [10] , which correspond to only 1/10 and 1/20 of the field oscillation of a laser pulse, respectively. These pulses permitted for the first time a direct and complete characterization of light waveforms [11] .
High harmonic generation in rare gases was discovered to be a powerful means of providing coherent XUV radiation from a compact laser-driven source a long time ago [12, 13] . However, only few-cycle-laser pulses permitted efficient confinement of the emitted coherent, laser-like radiation to within the laser oscillation cycle and extension of the spectrum of this confined radiation to the water window [14] and well beyond [15] . With the advent of intense fewcycle near-infrared (NIR) pulses [16] the isolation of sub-laser-cycle duration XUV light bursts (one burst per laser pulse) with well-reproduced pulse parameters became feasible for the first time [9, 16] .
Controlled isolation of a single energetic harmonic pulse requires control of the amplitude of spectral components of the emitted XUV radiation over a broad (several eV or more) spectral range. Furthermore, transform-limited XUV pulse production calls for precise control of the phase over the spectral band selected by band-pass filtering. Such a phase control has been demonstrated by utilizing the dispersion of materials near electronic resonances [17, 18] . However, the applicability of this approach is restricted to selected spectral domains. By analogy with broadband dispersion control of optical pulses in the visible and nearby spectral ranges with chirped multilayer dielectric mirrors [8] , chirped multilayer metallic mirrors have been proposed and developed for the same purpose in the XUV spectral range [19, 20] . In this paper, we demonstrate the utilization of this technology for the generation of isolated 170 as XUV pulses. This result has been achieved by ionizing neon atoms with sub-5 fs NIR pulses without the need 3 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT for polarization gating [10, 21] resulting in a substantially improved NIR-to-XUV conversion efficiency and photon fluxes useful for time-resolved spectroscopy. Our work is motivated by the need for shorter and more powerful XUV pulses for interrogating a wide range of fundamental electronic processes in matter evolving on a hyperfast, sub-100 as timescale [22, 23] .
Generation of attosecond XUV pulses
Emission of XUV radiation by laser pulses interacting with atoms can be described by a three-step model where the electron, driven by the electric field of the laser pulse (i) is set free around the maximum of the field (tunnel ionization), (ii) follows a quasi-classical motion driven by the electric field and (iii) emits its excess energy upon recombination with the parent ion as high energy photons [24] . The maximum energy of the emitted photons is given by E max = I p + 3.17U p with I p being the atomic ionization potential and U p being the ponderomotive energy of the electron in the oscillating electric field of the laser. The only parameter that can be controlled in this process by the laser pulse parameters is U p defining the highest energy photons emitted.
In the case of multi-cycle laser pulses the electrons encounter the parent ion every half-cycle of the electric field which results in a series of emissions that manifest themselves in the spectral domain as high harmonic structure [12, 13, 25] . In contrast, when a few-cycle laser pulse comes into play the energy of the emitted light wavepacket from consecutive recombination events close to the peak of the pulse can vary substantially from the maximum emitted energy. By setting the carrier envelope phase (CEP) of a few-cycle laser pulse such that the field maximum coincides with the maximum of the pulse envelope (resulting in a substantial modification of U p for consecutive recombination events)-referred to as cosine pulse-it is possible to restrict the emission of the most energetic light wavepackets to take place only once per laser pulse [9] . By contrast, in a sinusoidally-shaped laser field a couple of re-colliding electron wavepackets lead to emission at the highest photon energies, resulting in two XUV bursts separated by half a period of the laser field.
The extension of the XUV/x-ray spectrum associated with a single re-collision event and hence with the potential to form an isolated attosecond pulse is precisely linked to the intensity contrast between consecutive field maxima and thus the duration of the driving pulse. In the case of ∼4.5-5 fs pulses utilized in this work, this contrast is expected to be approximately 20 eV [26] and can therefore potentially support isolated XUV pulses down to a duration of less than 150 as.
Isolation of a single attosecond pulse via spectral filtering with multilayer optics
Driver pulses with these parameters have been available for quite some time [10] . The generation of isolated XUV attosecond pulse generation down to the sub-200 as regime has been hitherto limited by the lack of XUV optics that could filter this continuum and sufficiently suppress spectral components that lead to emergence of a satellite pulse.
This limitation has been overcome in this work by using a specially-designed aperiodic (or chirped) Mo/Si multilayer mirror. Multilayer XUV mirrors consist of periodic or aperiodic stacks of alternating ultra-thin layers of two or more different materials (typical layer thicknesses 1-10 nm, typical layer numbers 10-500). Varying the layer thicknesses allows for a controlled 4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT design of the centre reflectivity, the reflected bandwidth as well as of the spectral phase. The latter parameters affect the time response of the mirror upon reflection of an attosecond XUV pulse. While the bandwidth of a periodic XUV multilayer in first Bragg order is mainly limited by the number of contributing bi-layers N to λ/λ = 1/N to be about 10% of the reflected (photon energy) or less, broader reflection profiles can be realized by aperiodic multilayer stacks. Furthermore, the evolution of the spectral phase, which controls the spectral dispersion of the pulse and by that its temporal evolution, can be optimized and shaped by the interference structure of the multilayer.
Over many years small bandwidth, high reflectivity Mo/Si multilayers have been developed for the 80-100 eV photon energy range and proven their capability for spectrally filtering, dispersing and steering high harmonics. While 250 as isolated XUV pulses have been generated and filtered at 93 eV by using a periodic Mo/Si multilayer with approx. 8.6 eV full width at half maximum (FWHM) bandwidth [11] . Aperiodic multilayer mirrors can support a substantially broader bandwidth required for shorter XUV pulses. In this work we use a coating design with a reflection bandwidth of ∼16 eV FWHM and optimized dispersion characteristics holding the potential for producing isolated 150 as pulses. Even the compensation of an intrinsic spectral chirp of the incoming XUV pulse (resulting from the HH generation process or propagation effects) by the group delay dispersion (GDD) of the XUV multilayer mirror ('chirped XUV mirror') over the whole reflected bandwidth is feasible which will enable compression of the pulse to its Fourier limit [27, 28] .
Measurement of attosecond XUV pulses
The basic idea behind techniques developed for the characterization of XUV bursts, is the generation of a photoelectron replica of the attosecond pulse the temporal structure of which is probed by the ultrafast oscillation of the electric field of a laser pulse [29, 30] .
Assume ionization of atoms by XUV attosecond pulses in the presence of a laser field E(t) and detection of the generated electrons along the polarization direction of the field: an electron released at the moment t undergoes a momentum shift p which is given by
where e is the electron charge and A(t) the vector potential of the field. Therefore, the ultrafast variation of the field amplitude maps the temporal evolution of the attosecond electron pulse to a corresponding momentum and electron distribution. We have put this idea into practice in a concept dubbed the 'atomic transient recorder' [9] . In practice a series of electron spectra acquired in different delay settings between the laser and the electron pulse (a spectrogram), offer the possibility of an accurate retrieval of the temporal structure of the electron and consequently the XUV attosecond pulse, at the same time [31] . The technique in that case is closely related to frequency resolved optical gating (FROG), where the gate for the characterization of the attosecond electron pulse is provided by the field oscillation. To this end, various reconstruction algorithms have been developed [32] - [34] and allow retrieval not only of the attosecond pulse but also simultaneously of the laser pulse (gate) enabling metrology of optical fields. The reconstruction of the experimental results discussed in this work is also based on the above mentioned principles. Figure 1 . Experimental set-up: few-cycle phase-stabilized NIR laser pulses are focused into a noble gas target (Ne) to produce the XUV radiation used in the experiment. The remaining NIR pulse and the XUV light propagate through differential pumping stages to prevent the gas used in the generation process from entering the experimental chamber. The 'HH-Meter' tracks the ionization of the background gas and therefore provides a direct measure of the XUV flux. The NIR intensity is adjusted by an aperture. A thin Zr foil mounted at the centre of a 5 µm thin pellicle acts as bandpass filter for the lower harmonics and the fundamental. The fundamental is transmitted through the pellicle in form of an annular beam around this filter. The two concentric beams are then focused by a double mirror assembly (inset) consisting of a (15.6 eV) aperiodic multilayer mirror in the inner part and a silver-coated perforated mirror of the same focal length. XUV and NIR pulses are spatially and temporally overlapped in the Fourier plane while their delay can be adjusted over a range of ±150 fs by translating the inner mirror along the beam axis using a closed loop piezo stage.
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Experimental
The experiments were performed at theAS-1 attosecond beamline of our laboratory. The beamline is equipped with a FemtoPower Pro laser system (Femtolasers Produktions GmbH) that delivers pulses with 25 fs duration and 1 mJ energy at 3 kHz. These pulses are spectrally broadened upon propagation through a neon-gas-filled capillary [7] and compressed down to an FWHM duration between 4.5 and 5 fs with chirped dielectric mirrors. The compressed pulses have energy of 400 µJ and are carried at a wavelength of ∼750 nm. The CEP is controlled utilizing a monolithic stabilization scheme for the oscillator [35] while slow phase drifts imparted to the pulses along the amplification process are compensated for by an f-2f interferometer installed at the output of the amplifier [26] . The resulting phase stability of our sub-5 fs pulse has been characterized with a stereo ATI phase detector [36] - [38] and was found to be better than 100 mrad over a period of several hours. Figure 2 . XUV spectra emanating from the interaction of few-cycle phase stabilized laser pulses with Ne atoms after being transmitted through 1.5 µm of a free standing Zr foil. The spectra are integrated over ∼300 shots of the laser. Red curve: spectrum of the XUV pulses emitted by a sinusoidal few-cycle pulse while black curve is the spectrum of XUV pulses generated by a cosine pulse. The highly modulated spectrum associated to a sinusoidal waveform constitutes the spectra manifestation of a substantial amount of satellite in the time domain. The reflectivity of the 15.6 eV (FWHM) aperiodic multilayer mirror employed in the experiments presented here, is marked by a blue line. Grey curve shows the transmission of the 150 nm Zr foil used in the experiment (scale shown on left axis).
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XUV light is generated by gently focusing (f = 500 mm) the sub-5 fs laser pulses into a quasi-static gas cell filled with Neon at a pressure of ∼350 mbar. The length of the interaction region amounts to ∼2.5 mm.
For the characterization of the emanating XUV light we employ a home-built spectrometer consisting of a flat-field grating (Hitachi-Flat-field [39] ) and a back-illuminated CCD camera, (Roper scientific, Princeton Research). An adjustable aperture (down to 0.5 mm) installed 1 m behind the source allows spatial filtering of the XUV beam before entering the spectrometer. With this apparatus we can record high-quality spectra with an integration time of merely 50 ms (150 laser shots), permitting convenient real-time monitoring and optimization of the high-harmonic radiation.
A quasi-monolithic double-mirror assembly consisting of a XUV Mo/Si multilayer mirror (diameter: 3 mm) with a bandwidth of 15.6 eV centred at 93 eV and an outer concentric perforated mirror (diameter: 1 cm, silver coated) (see inset figure 1) is placed approximately 1.5 m downstream and used to focus the XUV and the laser beam respectively into a second Ne target. The delay between laser and XUV pulse can be varied by means of a precise piezotranslation unit (Physik Instrumente: resolution ∼5 nm).
Electrons ejected in the polarization direction of the laser are collected by a time-of-flight (TOF) electron spectrometer having a resolution of better than 0.5 eV in the range 60-90 eV. 
Results and discussion
Figure 2 depicts XUV spectra integrated over 300 shots of the laser pulse for a CEP of the driving field resulting in a >20 eV broad near-cutoff continuum (black line). A CEP shift by π/2 with respect to the previous setting results in a highly modulated spectrum (red line). To fully utilize this extended continuum we employ a broadband aperiodic multilayer mirror, the reflectivity curve of which is shown in blue in figure 2 . A secondary reflectance fringe (Kiessig fringe) in the lower energy part of the spectrum at around 70 eV can be substantially suppressed by means of a 150 nm thin Zr foil (see figure 1 and its caption) .
For the characterization of the XUV pulses with the atomic transient recorder the XUV continuum is reflected, filtered and focused by the multilayer mirror into a Ne gas nozzle along with the IR field. Series of electron spectra as a function of the delay between the XUV and laser pulse are shown in false colour representation in figures 3 and 4. Figure 3 depicts a high resolution (200 as step in delay) high streaking field ( W > 10 eV shift of the electron peak) scan. Figure 4 shows a long range scan in delay with a scanning step of 300 as.
For the retrieval of the duration of the attosecond pulse we have developed software (dubbed: ATTOSTREAK) based on the theoretical and retrieval principles discussed and referred to in the 8 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 4 . Long-range atomic transient recorder spectrogram of a 170 XUV attosecond pulse. A series of electron spectra generated in Ne have been recorded as a function of the delay between the XUV and the few-cycle laser pulse in steps of 300 as. The electron spectrometer is oriented such as to collect electrons emitted only in the direction of the polarization vector of the laser field utilizing the geometry presented in [9] . To ensure high resolving power the streaking field is set to shift the electron distribution in energy by more than the half of the initial width, which corresponds to ∼8 eV. previous section. The algorithm accounts for possible satellite pulses, while all key parameters including the chirp of the attosecond pulse and the temporal shape of the laser field are left free to be reconstructed invoking the power of a genetic algorithm. The retrieved pulse duration by our analysis was 170 ± 10 as approximately 5% longer compared with the transform limited pulse supported by the reflected spectral bandwidth (approximately 160 as). The satellite pulse was found to contain about 17% of the total photon number.
As pointed out above, the electric field of the XUV attosecond pulse and that of the laser pulse can be reconstructed from the same spectrogram. However the prerequisites regarding the spectrogram are not the same. The former can be characterized with sufficient accuracy utilizing solely spectra recorded over a delay range that spans a field oscillation; the latter can be accessed only if the attosecond pulse samples at least 5-10 field oscillations for a few-cycle laser pulse, necessary to probe its built-up and disappearance. The retrieved duration (FWHM) of the NIR laser pulse was 4.7 fs.
To demonstrate the degree of control and reproducibility of the waveform of our few-cycle pulses, we shift the phase of the driving field by π (as to switch from a cosine to an anti-cosine driving waveform) and repeat a similar scan as in figure 5 but limited in delay within ±7 fs around the peak of the pulse. Both series of spectra are depicted in figure 4 .
A complete characterization of a new source entails always a photon yield measurement. We employed our yield-calibrated x-ray CCD and calculated the number of photons in the focus utilizing the tabulated transmission of the Zr filter, (48-62% @ 80-100 eV, see figure 2 ) and the measured peak reflectivity (by synchrotron radiation reflectometry) of our 15.6 eV FWHM bandwidth multilayer ∼5%. The analysis yielded ∼3.6 × 10 8 photons s −1 for the attosecond pulse delivered into the target. The flux at the HHG source was more than an order of magnitude higher for the same spectral range suggesting that further improvements afford promise for substantially higher photon flux delivered to experiments. This photon flux is comparable to, even slightly higher than, its predecessor source (250 as @ 95 eV, 8.6 eV FWHM) at our laboratory and suggests that generating attosecond pulses with considerably shorter duration is attainable while maintaining other key parameters.
In conclusion, we have demonstrated that pulses as short as 170 as can be reliably generated in the range of ∼100 eV utilizing an at least 20 eV broad near-cutoff XUV continuum and broadband multilayer optics.
The transition to shorter isolated attosecond pulses (approximately 70% shorter than previously generated without polarization control) maintaining all important parameters required in potential experiments, including high energy photons for triggering inner-shell dynamics, as well as high photon flux, affords the promise that sub-100 as isolated pulses will be efficiently generated in the near future by driving pulses not shorter than 4 fs. Controlled light fields and isolated attosecond pulses precisely synchronized to their cause will open the door to accessing and controlling yet unexplored processes in atoms, molecules, solids and nanostructures.
